not been reported, and data on their fatty acid composition are meager (22) . This study was designed to acquire a more complete knowledge of fetal erythrocyte lipids and to compare them with their adult counterparts. Because the erythrocyte phospholipid distribution and fatty acid composition exhibited differences from those in adult erythrocytes, fetal plasma phospholipids were also investigated and found to differ from adult plasma in a qualitatively similar fashion. Portions of this work have been reported in abstract form (23) .
Methods
Subjects. All cord blood was obtained at the end of term pregnancies. Delivery was uncomplicated and by the vaginal route. The infants appeared normal at birth and weighed between 3,200 and 4,200 g.
Blood sampling and extraction. Blood was drawn from the umbilical vein immediately after delivery of the placenta (5 to 15 minutes after delivery of the infant), using EDTA (1 mg per ml of blood) as an anticoagulant.
After centrifugation of the blood at 40 C, the buffy coat and plasma were removed and the cells washed three times with 0.9% NaCl (pH adjusted to 7.4 by addition of sodium bicarbonate). After resuspension of the cells in 0.9% NaCl to a hematocrit of 31 to 58%, the suspension was mixed well, and samples were removed for hematocrit, electronic erythrocyte counting, and lipid extraction.
Erythrocyte lipids were extracted by procedure III of Ways and Hanahan (17) . Plasma lipids were extracted as follows: N ml of plasma was added dropwise to 10 N ml of methanol with stirring. After the mixture had stood 10 minutes at room temperature, 20 N ml of chloroform was added, with mixing. After 20 minutes, the solution was filtered through Whatman 1 filter paper and the residue re-extracted three times with 5 N ml of chloroform: methanol, 2: 1, and filtered. 10 N ml of 0.1 M KCL was added to the combined filtrates. The material was then shaken and cooled to 40 C. Upon rewarming to room temperature, two phases separated cleanly, and the lower portion was collected, dried under vacuum at 27 to 370, and taken to volume in benzene.
All extractions and analyses were done in duplicate. Twelve individual and three pooled samples (containing blood from five to seven individual cord samples) of fetal erythrocytes were analyzed. Eleven individual and two 989 pooled samples (containing five and six individual samples) of fetal plasma were examined.
Chromatography of lipids. The techniques of silicic acid column and paper chromatography, thin-layer chromatography, and gas-liquid chromatography have been described (17) . Preparation of the silicic acid impregnated paper was modified as follows from the method previously described. After four rinses in water, the papers were rinsed an additional time in 4%o disodium EDTA. When dry, the paper was stored under room conditions until needed and then heated 1 to 11 hours at 1000 immediately before chromatography.' The chromatograms were developed in an ascending system utilizing diisobutylketone, N-butyl ether, acetic acid, and water -20/20/20/2.5 to 3 (vol/vol) as solvents (14) . While this system consistently separated ethanolamine glycerophosphatides, serine glycerophosphatides, choline glycerophosphatides (lecithin), sphingomyelin, and lysolecithin, the inositol glycerophosphatides usually ran at the lower margin of the sphingomyelin spot.2 When such chromatograms were eluted for quantitative determination of the phospholipids (14) , inositol glycerophosphatides and sphingomyelin were eluted together.
To establish definitively the relative percentage of sphingomyelin, two procedures were employed. First, two pools of fetal erythrocyte lipid were chromatographed on silicic acid columns (17) . This separated inositol glycerophosphatides completely from sphingomyelin. Subsequently these separated fractions were chromatographed on silicic acid paper, and the percentage of sphingomyelin could then be determined (14) . Secondly, aluminum oxide chromatography was used to separate the acidic phospholipids from the choline-containing phospholipids (24) . The absorbant aluminum oxide (suitable for chromatography) 3 was washed five times with chloroform: methanol 1:1 (vol/vol) (C: M 1/1) in a beaker, the supernatant containing finely divided A120s being decanted each time. One g of A1203 was used for each 0.5 mg lipid phosphorus. The column was packed in C: M 1/1. After applying the sample in C: M 1/1, Fraction I was eluted with 15 ml of C: M 1/1 for each 0. (14) . Analytical methods. The procedures used for the analysis of lipid phosphorus, cholesterol, total weight, fatty acid esters, nitrogen, plasmalogens, and phospholipid fatty acids have been previously described (17) .
Results 1) Analysis of total fetal erythrocyte lipid. Although fetal and adult erythrocytes are comparable in total lipid, phospholipid, and cholesterol content per ml of packed cells (Table I) , the larger fetal red cells contain more of each lipid component per cell. The proportion of total lipid unaccounted for by lipid phosphorus and cholesterol is higher in fetal than in adult cells.
2) Phospholipid distribution. The phospholipid distribution of fetal erythrocytes determined by paper chromatography of the total lipid extract is shown in Table II . The proportion of choline glycerophosphatides is less, and that of sphingomyelin plus inositol glycerophosphatides more, than in adult cells. In four of the ten analyses, the sphingomyelin and inositol glycerophosphatides were 2%o or more in excess of the choline glycerophosphatide value. In the adult determinations, on the other hand, the sphingomyelin and inositol glycerophosphatide percentage was always at least 2.0%o less than the choline glycerophosphatide value, and in four of the seven analyses was at least 4%o less. Analysis of these results utilizing the t test (25) shows the differences in sphingomyelin plus inositoglycerophosphatides to be significant (p < 0.001), and the differences in choline glycerophosphatides less so (p 0.01 to 0.02). An additional pooled sample in which ethanolamine glycerophosphatides and serine glycerophosphatides were not separated gave similar results: sphingomyelin plus inositol glycerophosphatide, 30.1%; choline (Table II) , the corrected sphingomyelin figure of 26.5%o in fetal cells remains higher than the value of 23.1%o for adult cells. It is also higher than the previously reported figure of 23.8%o for adult erythrocyte sphingomyelin -obtained by combined column and paper chromatography of adult erythrocyte lipids (17) .
Additional evidence that the sphingomyelin/ choline glycerophosphatide ratio is higher in fetal cells was obtained by chromatographing four additional samples of fetal erythrocyte lipid on aluminum oxide (Table III) . This procedure separated the choline-containing phospholipids from the rest of the phospholipids including phosphatidyl inositol (see Methods). In the four (Table II ) also suggest that the ethanolamine phosphoglycerides may be lower in the fetal than in the adult cells, the notorious lability of this compound (15, 26) limits interpretation of this finding. Serine glycerophosphatides constitute a similar fraction of the total in both adult and fetal cells.
3) Characterization of fetal erythrocyte phospholipids. Two pooled samples of fetal erythrocyte phospholipids were separated by silicic acid column chromatography into four major (B, C, D, E) and three minor (A, B', D') fractions that were partially characterized. The analyses from one of these separations are given in Table IV. Ninety-one per cent of the lipid phosphorus was recovered from the column. Fraction A contained 1 % of the total lipid phosphorus. Paper and thin-layer chromatography revealed phosphatidic acid and serine glycerophosphatides. Gasliquid chromatography of fatty acids was not done. Fraction B was predominately ethanol- 
Discussion
This investigation describes significant differences in the lipid composition of fetal and adult erythrocytes. The larger average amount of total lipid, cholesterol, and phospholipid per fetal erythrocyte correlates well with a greater mean corpuscular volume. The higher proportion of total lipid in fetal cells that is unaccounted for by lipid phosphorus and cholesterol suggests that they may be higher in glycolipid content than adult erythrocytes. Fractionation of the phospholipids has revealed relatively more sphingomyelin, less choline glycerophosphatides, and perhaps less ethanolamine glycerophosphatides in the fetal cell as compared with the adult. Similar, although insignificant differences between adult and 1-to 2-day infant erythrocyte choline glycerophosphatides and sphingomyelin were reported by Bentley (20) . In a single sample of cord erythrocyte cells, Phillips (19) also found changes comparable to those we have observed. However, the adult erythrocyte phospholipid distribution reported by these investigators differs from those reported from this laboratory (17) and by Reed, Swisher, Marinetti, and Eden (14), making comparison difficult. Analysis of the fatty acids esterified to total phospholipid in fetal cells reveals much less linoleic acid (18:2) and relatively more palmitoleic (16: 1), lignoceric (24: 0), and docosahexaenoic (22:6) acids. The fatty acids esterified to individual phospholipid classes reflect the same changes.
In fetal plasma, the quantity of total phospholipid and cholesterol is half or less of that in adult plasma, reflecting correspondingly low total lipoproteins. With the exception of Hadnagy and associates' work (30) electrophoretic studies of cord blood suggest that high and low density plasma lipoproteins are comparably reduced (27) (28) (29) (31) (32) (33) (34) . However, by analytical ultracentrifugation (35) the low density lipoproteins are reduced to a greater extent (d the adult level) than the high density lipoproteins (1 to j of adult values). Preliminary ultracentrifugal data from this laboratory are in agreement with the latter observations.4 In addition to low total phospholipid in fetal plasma, this study has shown that the phospholipid distribution also differs from adult norms. As in the erythrocytes, the per- 4 It has been shown that certain lipophilic stains used in electrophoretic lipoprotein analyses have a greater affinity for triglyceride and cholsterol ester than for other lipids (36) . Since the low density lipoproteins contain a significantly higher proportion of both these lipid classes than the high density lipoproteins, the discrepancy between the electrophoretic and ultracentrifugal data may be on this basis. centage of sphingomyelin was higher and that of the choline glycerophosphatides lower than in adult material. Phillips (19) made similar observations on a single sample of cord blood.
Because of the differences in phospholipid distribution of both cord erythrocytes and plasma from comparable adult material, and because of the wider variation of phospholipid distribution in fetal than in adult plasma, it is pertinent that Boyd and Wilson (37) reported increases of fetal whole blood phospholipid as great as 29%o during the interval (10 to 30 minutes in their series) between delivery of the fetus and separation of the placenta. It would be of interest to ascertain whether these whole blood increments represent changes in plasma rather than erythrocyte lipids and whether the changes were due to an increase of one or more than one of the phospholipids.
It is not unlikely that the changes in fetal plasma and erythrocyte phospholipid distribution may be related. Several studies give direct support to the theory that erythrocyte cholesterol (38, 39) and certain phospholipids (22, 40, 41) exchange with the corresponding plasma lipids. In further support of this concept are the studies of blood lipids in a-beta lipoproteinemia. In this disease, both erythrocyte and plasma phospholipids have more sphingomyelin and less lecithin than in the normal (19, 42) , and this change in the cell phospholipids is a function of cell age (43) , suggesting that the cell lipids are normal until they have been in contact with the abnormally constituted lipids of the plasma. In fetal blood, because plasma and erythrocyte lipids both differ in a similar way from their adult counterparts, it is possible that plasma and erythrocyte phospholipid distribution are also interdependent.
Are the differences in lipid composition of fetal and adult erythrocytes found in this study of functional significance ? Previous investigators have found that intact fetal erythrocytes, in whole blood or buffer suspensions, have a greater affinity for oxygen than maternal erythrocytes (6) (7) (8) (9) . This is not explained by the known differences in physical and chemical properties of hemoglobin F and hemoglobin A (4), for when solutions of hemoglobin are dialyzed (7, 8, 10) or buffered (9, 10) or evaluated in concentrated solution (8) , hemoglobin F has the same or less affinity for oxygen as hemoglobin A. Furthermore, the oxygen affinity of erythrocytes from two adults with hereditary persistence of hemoglobin F has now been determined (8, 9) . Despite the presence of 34%o and 70%o fetal hemoglobin, the oxygen dissociation curves were identical to those of normal adult erythrocytes. These studies (7, 8, 10 ) also minimize the possibility that dialyzable intracellular components may be of importance in explaining differing oxygen affinity of fetal and adult cells. When erythrocyte metabolic activity and enzymes are inhibited (8) , the difference in oxygen affinity of intact fetal and adult cells still persists. Thus, the known differences in certain enzyme activities (44 47) and metabolism (44, 48) between adult and fetal cells do not seem to explain the differing oxygen affinities.
The possibility that differences inherent in the "membranes" of the fetal and adult cells may effect a difference in their "permeability" to oxygen has been suggested, and there is some direct support for this hypothesis. Thus, Horfejsi and Komatrkovai (49) have demonstrated that factors contained in the membranes of adult erythrocytes alter the oxygen affinity of hemoglobin A solutions. Whether addition of fetal "membranes" to solutions of fetal hemoglobin effects a difference in their oxygen affinity has not been determined, but the 02 dissociation curves of intact fetal cells and solutions of fetal hemoglobin do not differ significantly (7, 8) .
In addition to these suggestions that its membrane may influence the oxygen affinity of the erythrocyte, other studies report dissimilarities of fetal and adult erythrocytes that imply differences in membrane behavior. Thus, the fetal cell is apparently less resistant to mechanical injury (50) , but more resistant to hemolysis at 590 (51), and hemolysis under acid conditions (52) . The fetal erythrocyte also xhibits greater loss of K+ and increase of Na+ intracellularly during storage at 4°than its adult counterpart (53) .
Nearly a quarter of a century ago Ballentine and Parpart (54) changed the permeability of erythrocytes to ethylene glycol and glycerol by exposing them to pancreatic lipases. As a result they proposed that erythrocyte permeability was dependent upon the lipids and proteins in their membranes. This hypothesis has been strengthened by Kdgl, De Gier, Mulder, and van Deenen (55) and by De Gier and van Deenen (26) , who demonstrated differences in the fatty acid composition and phospholipid distribution of erythrocyte membranes in various mammalian species. These variations could be correlated with the species differences in erythrocyte permeability to ethylene glycol and glycerol previously reported by Jacobs, Glassman, and Parpart (56) . It was concluded, therefore, that membrane lipid composition might be an important determinant of membrane permeability (26, 55) .
In conjunction with the present study, the foregoing observations on oxygen affinity and erythrocyte membrane behavior suggest that certain differences in the physiologic behavior of erythrocytes might be related to differences in the lipid content of their membranes.
Summary
The lipids of fetal erythrocytes have been fractionated, quantified, and characterized in some detail. The phospholipid distribution of fetal plasma has also been studied. The following principal conclusions can be made:
1) The average fetal erythrocyte contains more cholesterol, total phospholipid, and probably glycolipid than the adult erythrocyte.
2) In fetal erythrocytes and plasma, sphingomyelin constitutes a significantly greater percentage of the total phospholipid than in adult material. Choline glycerophosphatide is correspondingly reduced in the fetal erythrocyte and plasma, but this difference is not as significant statistically.
3) Differences in the phospholipid fatty acid composition of fetal and adult erythrocytes are also present. Most striking of these is a very low level of linoleii, acid in the fetal cell.
The possible relationship of these findings to differences in the physiologic behavior of fetal and adult cells is discussed.
